Abstract-The use of autonomous underwater vehicles is often hampered by stringent power constraints that limit the duration of their deployment. Here, we present a novel autonomous underwater charging system for robotic fish. The system features a charging station designed with formfit claws to facilitate the robotic fish docking. A controller is implemented externally to monitor the battery level of the robotic fish, swimming autonomously in two dimensions. When the battery level is low, the controller commands the robotic fish to approach the charging station using video feedback from an overhead camera. The approach angle of the robotic fish to the charging station is optimized through a series of experiments, assessing the success of both docking and electrical contact, as well as the time to approach the charging station. To demonstrate the feasibility of the autonomous charging system, the robotic fish is monitored as it cycles through periods of charging and discharging while swimming in the tank. The proposed system is expected to find application in laboratory and educational settings, where robotic fish should operate with minimal supervision and assistance from technical staff over extended time periods.
I. INTRODUCTION
A UTONOMOUS charging systems are an essential step toward reliable robots for long-term deployment. Many autonomous charging systems have already been developed for a variety of mobile robots, such as wheeled robots [1] - [6] , humanoids [7] , unmanned aerial vehicles [8] , cars [9] , and autonomous underwater vehicles (AUVs) [10] - [12] . These robotic systems have the potential to greatly aid the implementation of critical services, such as surveillance [3, 4] , home sanitation [1] , and environmental monitoring [10] , without the need for human intervention.
The main technical hurdle associated with autonomous charging is the accurate positioning of the robot within the charging station. Thus, a wide range of methodologies has been devel-oped to facilitate robots' charging to an electrical source, such as the usage of infrared sensor guidance [4] , passive positioning magnets [12] , video detection [9] , inductive charging [11] , battery swapping [8] , [13] , and direct contact [12] . Often, autonomous charging systems rely on an array of sensors and computer vision algorithms for docking [4] , [12] .
Underwater autonomous charging is particularly challenging, due to difficulties in the protection of the electronic circuitry from corrosion and the complexity of fluid motion [14] . Established solutions to autonomous charging of AUVs are direct contact, optical laser, solar panel, and inductive charging methods [10] , [11] , [14] , [15] . Systems based on direct contact are often preferred for their ability to rapidly and efficiently deliver power to AUVs [14] . However, the feasibility of direct contact comes at the cost of effectively addressing leakage and corrosion [14] . Thus, charging contact points often utilize corrosionresistant metals and are well sealed at the exposed direct contact points [12] .
In the realm of biologically inspired robotic fish that mimic complex locomotory patterns of live animals [16] - [24] , the problem of autonomous charging is yet to be fully addressed [25] - [29] . Beyond laboratory [30] - [32] and field [33] , [34] applications requiring long-term deployment for animal behavior studies and environmental mapping, autonomous charging can greatly enhance informal science exhibits of robotic fish [26] , [29] . In these exhibits, robotic fish are used to inspire and engage visitors in science, technology, engineering, and mathematics [26] , [29] , and autonomous charging may afford long-term exhibits with minimal maintenance from technical staff.
Terada and Yamamoto first identified the potential benefits of autonomous charging in robotic fish exhibits [29] . A semiautonomous solution was proposed in [26] and [27] , where the robotic fish was programmed to autonomously swim toward a designated portion of the tank when the battery was low, so that a human operator could manually connect the robot to a charging station. Wireless charging of a robotic lamprey from its head was theoretically proposed in [25] . However, its application constrains the mechanical design to cylindrically shaped robots, and thus necessitates overcoming tight tolerances between the inductive coils [25] . Interestingly, a robotic fish powered through wireless magnetic resonance has been recently developed, yet the robot can only swim in especially outfitted 30 cm diameter tanks [28] . Concerning smaller swimming robots, wireless powering by induction is theoretically feasible; however, an external coil larger than the robot would be necessary for its operation [35] .
This paper proposes a new solution for autonomous charging of a robotic fish [36] , [37] through a novel claw mechanism for docking guidance and direct contact. Similar to the state machines in [4] , [5] , [11] , robust docking and charging are coordinated through a controller using video feedback from an overhead camera. Different from [28] , the proposed approach provides a framework that is adaptable to varying tank dimensions. The multilinked robotic fish is modified to incorporate external corrosion-resistant probes for direct contact and passive positioning magnets, aiding in autonomous docking. The approach angle of the robotic fish toward the charging station is optimized through a systematic experimental study, and a proof of concept experiment is conducted to assess autonomous charging for more than 24 h. The main contributions of this study with respect to the state of knowledge on autonomous charging systems are: 1) the concept of a charging system whose design is independent of the tank size; 2) the design of a waypoint tracking system for autonomous docking of robotic fish; 3) the synthesis of a finite-state machine for coordinating charging and docking; and 4) a mathematical modeling toolbox to plan and enable prolonged operations, on the basis of vision-based control, fish swimming theory, and battery modeling.
The rest of the paper is organized as follows. In Section II, the robotic fish, charging station, and communication hardware are detailed. In Section III, the controller for the autonomous charging system is explained. In Section IV, the environment of the experimental setup is presented. In Section V, the role of the approach angle on the success of docking and electrical contact, and on the time to approach the charging station is experimentally assessed. In Section VI, the feasibility of longterm autonomous charging is experimentally demonstrated. Conclusion and future research directions are summarized in Section VII.
II. PLATFORM DESCRIPTIONS
The autonomous underwater charging system developed in this study is shown in Fig. 1 . The system utilizes a modified version of the robotic fish, Commodore, described in [36] , and is designed for two-dimensional (2-D) swimming in placid water. The platform was envisioned for the integration in future robotic fish exhibits at informal science venues, such as museums and galleries, whereby the robotic fish must sustain long periods without assistance from technical staff.
A. Robotic Fish
Commodore is a robotic fish that utilizes a three-degree-offreedom multilinked motorized tail with a flexible caudal fin for propulsion [36] , as displayed in Fig. 2 . The system allows for carangiform swimming, whereby the lateral undulation of the tail, y, changed in time as
Here, k is the wave number; f is the tail beat frequency; c 1 and c 2 are the shape envelope parameters of the undulation; and x is a coordinate along the robotic fish body starting from the first servomotor joint and terminating at the end of the fin. The tail beat amplitude A is obtained by evaluating the parabolic envelope in (1) at the end of the fin. From (1), the value of the speed can be estimated by following the scaling argument in [38] , whose validity for robotic fish has been demonstrated in [24] . Specifically, in the turbulent regime, the speed is approximately 2.5 fA, independent of the length of the robot.
The use of multiple servomotors also enables the implementation of C-shape maneuvers, which are obtained by combining synchronous contractions at the three joints with a wave-like relaxation similar to (1) [39] .
Several mechanical designs have been proposed in the literature for the implementation of carangiform swimming. In [19] and [40] , a single servo motor is used in conjunction with a passive tail; in [41] , a single electric motor is utilized but in a crankshaft configuration; various active materials are incorporated in prototypes, such as piezoelectrics [17] , ionic polymer composites [18] , [23] , and shape memory alloys [42] ; a hydraulic system is proposed in [43] ; and multiple servomotors and multilinked designs are put forward in [16] , [20] , [36] , and [44] .
The robotic fish uses a polycarbonate waterproof box enclosure to house the main electronic components, including the Arduino microcontroller (Arduino Pro Mini, Arduino, Italy), a radio transceiver (RFM22B, Hope Microelectronics, Co., Ltd. China), and the battery (2200 mAh 7.4V LiPo, Traxxas, Plano, TX, USA). The robotic fish features a high-impedance voltage divider with an analog-to-digital converter with a 4.9 mV resolution to measure the battery level (in percent), which is computed as an integer between 0 and 100. Here, 0 corresponds to the minimum operating battery voltage of V min = 7.33 V and 100 to the maximum value of V max = 8.30 V. This operating range was selected on the basis of experimental observations on the battery performance.
To enable autonomous charging of Commodore, several modifications were performed to its hardware. The robotic fish was outfitted with wires extending the battery terminals out of the waterproof enclosure housing the electronics. The terminals were mounted to the top of the robotic fish through a rapidprototyped part, fabricated out of solid-packing acrylonitrile butadiene styrene (ABS) material printed from a rapid prototyping machine (Stratasys, Dimension SST, USA). The battery terminals consisted of two wires, only used for charging, as shown in the inset of Fig. 3 . Neodymium magnets were placed at opposing ends of the mount for the battery terminals to passively assist the connection between the battery and the power supply terminals, attached to the charging station. Inside the electronics housing, the battery was connected to the microcontroller and to the external battery terminals. To ease experimental testing in two dimensions, the pitch control was removed and the battery was placed in this compartment, disabling the 3-D swimming capability. Finally, the tail was configured with waterproof servomotors HS-5086WP for prolonged underwater reliability.
B. Charging Station
The dimensions of the charging station were 21.9 cm in height, 20.1 cm in length, and 13.3 cm in width. The charging station utilized two claw-shaped links to pull the robotic fish into a form-fit concave. The concave had two 1 cm diameter neodymium magnets built into the shape to align the robotic fish. To facilitate tracking from the overhead camera in Fig. 1 , one of the claw was designed to be almost transparent (claw connected to servo 1 in Fig. 3) .
Power supply terminals utilized marine grade corrosionresistant wires and were built into one of the claws. These terminals were always powered and came into electrical contact with the robotic fish battery terminals when the claws were fully closed. Their contact initiated the charging of the battery inside the robotic fish, as shown in Fig. 3 . The charging station was also fabricated out of ABS using the Stratasys machine. The charging station was held in position via three suction cups, such that the bottom of charging station was 15.5 cm beneath the water surface.
One servomotor (Parallax Standard Servo, Parallax Inc., Rocklin, CA, USA) was used for each claw to control their motion. Another Arduino Uno microcontroller, outfitted with an Ethernet shield, was utilized to control the servomotors and communicate with the rest of the platform. The Ethernet shield was directly connected to the base station through a Cat5 cable.
The charging station was programmed with three commands referring to the claws' configuration, namely "Open," "HalfClosed," and "Closed." The charging station interpreted these commands to independently actuate the two servomotors during the docking phase. Specifically, during the initialization of the controller, the "Open" command was sent to the charging station to fully open both claws (90°offset angle for each servomotor). With reference to Fig. 3 , the "Half-Closed" command closes one claw (0°offset angle for servo 2), while keeping the other open (90°offset angle for servo 1). This command was implemented to prevent the robotic fish from swimming past the charging station during the docking phase. The "Close" command closes both claws (10°offset angle for servo 1 and 0°offset angle for servo 2). Notably, an offset angle of 10°was selected to allow the passive magnets to gently assist the electrical connection between the battery and power supply terminals. Upon receiving each command, the nominal angular speed of the servomotors was approximately 30°/s.
C. Communication Hardware
The components in the communication hardware for the autonomous charging system are displayed in Fig. 1 . The main components were the computer, base station, robotic fish, and charging station. The computer ran on the Ubuntu operating system and had a web camera peripheral (LifeCam, Microsoft, USA) connected by universal serial bus. Similar to the setups in [30] and [36] , the web camera was located above the water tank and the computer was set to stream video to the router in the base station at 15 frames/s, or approximately 0.36 MB/s, using an MJPG streamer video library. The base station consisted of a router, microcontroller (Arduino Uno, Arduino, Italy), 433 MHz radio shield, and an Arduino compatible Ethernet shield. The base station served to relay information to and from the robotic fish using radio. The robotic fish communicated to the base station by radio, while the rest of the other components communicated by user datagram protocol (UDP).
The computer ran a MATLAB script controller (MATLAB, The MathWorks, Inc., USA) that communicated to the other components using UDP. The controller sent commands to the charging station for opening and closing the claws, as detailed earlier, and, during the docking phase, it also controlled the robotic fish.
D. Vision-Based Control of the Robotic Fish
The robotic fish control during the docking phase was executed through a proportional-integral-derivative (PID) control on its orientation, based on feedback from the camera following the methodology for waypoint tracking proposed in [36] . The control was implemented on the neutral configuration of the tail, upon which carangiform undulations were superimposed to afford forward swimming [36] . Such a neutral configuration was determined through a single offset angle φ, defined with respect to the head of the robotic fish and used to steer the robotic fish in the plane.
The PID control was implemented on the relative error between the orientation of the robotic fish and the desired heading toward the waypoint e
Here, t is the time variable and
, and K d = 7.5 × 10 −4 (°×s/pixel) are the gains corresponding to the proportional, integral, and derivative terms, respectively. The offset angle was then interpreted onboard the robotic fish as three offset angles for the three independent servomotors.
The orientation of the robotic fish was estimated by following the methodology described in [36] , which was itself based on the in-house developed tracking algorithm presented in [30] . The tracking algorithm was developed in MATLAB and takes as input raw image frames from the overhead camera and outputs the position and velocity estimates for the robotic fish, and potentially other moving targets. The robotic fish was identified on the basis of a blob in the image, from which its area, position, and velocity were defined. A Bayesian framework was used to recursively predict and update the state estimates, whereby a Kalman filter estimated the state optimally given the measured area of the blob and its centroid. The orientation was computed from the velocity.
The problem of autonomous path following in robotic fish is a relatively untapped area of study. A PID controller for piecewise speed control with a fuzzy logic controller for orientation control was demonstrated in [22] ; a closed-loop control system using feedback from a compass sensor was considered in [45] ; and a waypoint strategy based on an inertial navigation system and a global positioning system was proposed in [46] .
During autonomous swimming, the vision-based control was not implemented and the robotic fish was set to repeat a rightturn maneuver in an open-loop mode [36] . In this maneuver, the tail of the robotic fish rapidly contracted and expanded its tail to generate a nearly circular trajectory within the tank. Specifically, when the tail was contracting, each motor was given a 30°angle offset in 2.45 s, and when the tail was uncurling, each angle offset was sequentially returned back to zero in 2.25 s. Approximately, this corresponds to a tail beat frequency of 0.25 Hz. During autonomous swimming, the controller received only battery information from the robotic fish, via UDP commands through the base station.
III. CONTROLLER FOR THE AUTONOMOUS CHARGING SYSTEM
The state machine of the controller is schematically drawn in Fig. 4 . For clarity, we separate the process of docking and charging. The former refers to the robotic fish approaching the charging station and being ultimately caught by the claws. The latter pertains to the subsequent phase in which the power supply terminals are in electrical contact with the battery terminals of the robotic fish.
A. Docking Maneuver
The robotic fish was initialized to drain its battery by swimming with a tail beat frequency and amplitude of 0.25 Hz and 4.89 cm, respectively, in a carangiform swimming motion following (1). To attain a tail beat amplitude A of 4.89 cm, the parameters of the (1) were chosen as c 1 = 0.25, c 2 = −0.15, and k = 4. This parameters' selection would result in a speed of 1 cm/s [36] .
When the battery level dipped below 40% (7.73 V), the controller initiated the docking phase for the robotic fish. During docking, the robot swam in a carangiform mode with a tail beat frequency and amplitude of 0.8 Hz and 4.89 cm. This increased frequency was expected to reduce undesired surge and yaw motions during docking [23] .
Six waypoints were selected to guide the robotic fish toward the charging station during the docking phase, as shown in Fig. 5 . In the docking process, the robotic fish sequentially swam toward the waypoints from P1 to P6. P1 and P2 were used to set the position of the robotic fish in preparation for the docking phase; P3 and P4 guided the robotic fish into the charging station; and P5 and P6 were used to complete the docking and align the robotic fish body with the claws. If the robotic fish reattempted docking process, the robotic fish swam back to the starting waypoint P1. The robotic fish was guided through the first five waypoints utilizing the PID control on its orientation.
The "Half-closed" command was sent to the charging station by the controller, when the robotic fish reached P4. The closing of the farthest claw prevented the robotic fish from swimming pass the charging station. The "Close" command was sent by the controller to the charging station as the robotic fish reached P5. Waypoint P6, never reached by the robotic fish, was used to keep the robotic fish from slipping backward during the closing of the second claw. Specifically, during "Close" command, waypoint P6 prevents the robotic fish from slipping backward by essentially commanding it to continue swimming forward. When the "Close" command is complete, the controller instructs the robotic fish to stop swimming.
B. Charging Process
If the docking procedure was successful and the robotic fish properly aligned within the claws, the charging process began. In the charging phase, the battery level continued to increase until it reached 70% of the operating voltage range. Upon successful charging of the robotic fish, the "Open" command was sent to the charging station to release the robotic fish, which started to swim autonomously along a circular trajectory. The time required for the robotic fish to charge could be estimated from an adaptation of the Thevenin model for lithium-ion batteries [47] , [48] , see Fig. 6 . Specifically, we simplify the black-box circuit proposed in [47] and [48] by neglecting the self-discharge resistor (associated with energy loss for prolonged storage [47] ) and utilizing a Thevenin model in place of a more complex double polarization model [48] . The model output is the voltage across the battery V Battery , which is measured by the robotic fish through its voltage divider and used an indicator of the battery level.
The circuit features a current-controlled current source, a capacitor C Capacity , and an RC network that describe the battery capacity, the state of charge (SOC, ranging from 0% to 100%), the open-circuit voltage, and transient response. The capacitance C Capacity accounts for the entire charge stored in the battery, which amounts to SOC, by converting the nominal battery capacity to Coulomb through C Capacity (F) = 3600 Capacity (Ah) (the nominal battery capacity for our prototype is Capacity = 2.2 Ah), where cyclic and temperature effects have been discarded [47] .
The voltage across this capacitor, V SOC arbitrarily ranges from 0 to 1 V as SOC changes from 0% to 100%, that is, SOC = V SOC /1(V). Following [47] , the relationship between the open-circuit voltage, V OC , and SOC is expected to be well approximated by the following nonlinear relationship:
where we have scaled the expression in [47] by a factor of 2 to account for the two cells in the LiPo battery used in our robotic fish. The adequacy of (3) for our battery was verified through an independent discharge experiment. The RC network comprises the resistors R Series and R Transient and the capacitor C Transient , which contribute to the transient response of the battery. The external power supply is described through an equivalent resistance and voltage source, namely, R Source and V Source . The resistance R Source was treated as an unknown model parameter, toward compensating the resistance of the cables connecting the power supply to the battery and for the resistance associated with the servomotors and onboard electronics.
The circuit governing equations were expressed as a system of first-order ordinary differential equations, in terms of V SOC and the voltage across C Transient , and simulated in MATLAB.
To avoid overfitting experimental data, some of the model parameters were rounded values chosen from the literature [47] ; specifically, we set C Transient = 5000 F and R Series = 0.1 Ω. The remaining model parameters (R Transient and R Source ) and initial conditions for the open-circuit voltage and the voltage across C Transient (V OC I n it ia l and V Transient I n it ia l ) were identified by minimizing the root-mean-squared error (RMSE) between numerical and experimental data on the battery voltage V Battery using a global search algorithm from guess parameters chosen from preliminary observations. The lower and upper bounds for the global search algorithm for R Transient were [0.001, 1.000] (Ω); for R Source were [0.000, 10.000] (Ω); for V OC I n it ia l were [5.500, 8.300] (V); and for V Transient I n it ia l were [0.000, 2.000] (V).
Failure in the charging process was assessed at sequential intervals of 60, 300, 600, and 900 s. If the battery level was increasing between two consecutive assessments, the robotic fish was kept charging until reaching a battery level of 70%. If there was an error in either the docking or the charging phases, resulting into an anomalous decrease of the battery level, the controller for the autonomous charging system was automatically reinitialized and the robotic fish reattempted the docking process. Such a decrease in the battery level could be due to a misalignment in the docking phase (docking failure) or at the battery terminals (charging failure). The limits on the battery levels were heuristically selected to avoid overcharging and discharging damage to the lithium polymer battery.
IV. EXPERIMENTAL SETUP
To optimize the docking process and assess the feasibility of autonomous charging, two experiments were conducted. In a first set of experiments, we evaluated the role of the approach angle of the robotic fish to the charging station on the docking success, the success of electrical contact upon docking, and the time to reach the charging station. The second experiment was a proof of concept test of the autonomous charging system for more than 24 h.
The experiments were conducted in a laboratory setup at the New York University Tandon School of Engineering, as sketched in Fig. 1 . The water tank was constructed of acrylic and measured 121 cm × 121 cm × 51 cm. White contact paper was applied beneath the water tank to provide a consistent background for tracking the robotic fish [36] . The water depth was filled to 25 cm throughout the tank and the web camera was placed 142 cm above the water surface. The charging station was mounted to the water tank, such that its position was 58 cm from one corner and 43 cm from the opposite corner.
V. EFFECT OF THE APPROACH ANGLE

A. Methodology
The purpose of the first set of experiments was to optimize the docking process through a parametric study of the approach angle. The controller was modified to repeatedly execute the docking phase and to release the robotic fish, regardless of the success of the electrical contact. With respect to Fig. 4 , after assessing the battery level the left branch is immediately activated. The approach angle was defined as the angle between the vector connecting P4 to P3 and the y-axis parallel to the charging station wall, as shown in Fig. 7 . This angle was parametrically varied from 10°to 60°, in intervals of 10°, with the y-component of the distance between P3 and P4 held constant, see Fig. 7 .
Seven trials were conducted for each approach angle. The success of a docking attempt was manually scored and defined as when the robotic fish was captured by the claws as intended. Misalignment of the robotic fish to the charging station was scored as a docking failure. The success of the electrical contact of the power supply (Model 9110, BK Precision Corp, USA) to the battery terminals was also evaluated manually by reading the current drawn by the robotic fish on the screen of the power supply. In this experiment, the external power supply was set to 8.50 V with a maximum current of 0.35 A. The mean time to the charging station was defined as the average of the times taken by the robotic fish to swim from P3 to P5 in all seven trials.
B. Results
Experimental results on the docking success, the success of electrical contact upon docking, and the time to reach the charging station are summarized in Table I . On average, our findings indicate that the likelihood of docking was 81%, with the approach angle playing a central role on the docking success. Specifically, when the approach angle was set below 40°, the attempts at docking yielded a success rate of 100%. In contrast, when the approach angle was 40°or higher, docking was more difficult, yet feasible, whereby the robotic fish was able to successfully dock after at most three attempts.
Table I also confirms that docking and charging should be considered as two intertwined challenges to be addressed in the design of autonomous charging systems, similar to other AUVs [11] and mobile ground vehicles [2] , [4] , [5] . In fact, not all the successful docking attempts were converted into an event of charging. On average, our results indicate that likelihood of charging upon successfully docking was 78%. Although the largest approach angle of 60°yielded a 100% success rate of charging, docking attempts were completed only 57% of the trials. Conversely, even if the approach angle of 30°led to 100% success rate on docking, charging upon docking was possible 57% of the trials. It is tenable to hypothesize that while larger approach angles may challenge the docking process, they positively contribute to the success of electrical contact, whereby they may ease the process of grabbing the robotic fish by the claws. Notably, the simultaneous assessment of docking and charging in the field of autonomous charging of robotic fish has never been addressed, whereby previous efforts focused on either critical aspects of docking [26] , [27] or enabling technologies for charging [25] . The mean time to the charging station was minimized for an approach angle of 30°. Such a time considerably increased for all the other configurations, reaching a nearly threefold value for the largest approach angle of 60°. Also, while the time to the charging station was nearly constant across the seven trials for the approach angle of 30°, all the other conditions exhibited a wide range of variability, as seen by the standard deviations in Table I . Based on both the rapidity and consistency of the data on the time to the charging station, we selected the approach angle of 30°as reference for the controller.
To improve the success rate of docking and electrical contact, in our future work, we will explore the effect of increasing the number of waypoints, utilizing finer intervals of the approach angle, and minimizing communication delays. Additionally, we will examine the possibility of incorporating model-based control to enhance docking success [18] , [19] , [23] , [40] , [49] . The use of robotic fish modeling may also assist experimental design, enable detailed system calibration, and allow for extensive parametric analyses.
VI. FEASIBILITY STUDY FOR AUTONOMOUS CHARGING
A. Methodology
The second experiment evaluated the feasibility of the autonomous charging system for more than 24 h using the approach angle selected from the first set of experiments. Every 2 s, the controller recorded real-time data on the robotic fish position, target waypoint, battery level, date, and time of the day. This data were utilized to examine the battery level over time, isolate failed charging/docking attempts during the experiment, and study the approach maneuver of the robotic fish toward the charging station. Additionally, the controller captured a snapshot of the tank from the overhead camera every 60 s.
A docking attempt was detected as a unique sequence of target waypoints from P1 to P5 recorded by the controller, indicating that the robotic fish was commanded to execute the docking process in Fig. 4 . The docking attempt was successful if another attempt did not immediately follow, according to the state machine in Fig. 4 .
In the experiment, the external power supply was set to 8.80 V with a maximum current draw of 0.45 A. The higher voltage and current limits were selected to facilitate charging, avoiding overheating the battery. The test started at 5:13 P.M. on October 30th, 2014 and finished at 8:54 P.M. November 1st, 2014.
B. Results on Battery Level
The SOC of the robotic fish over the course of the experiment is displayed in Fig. 8 . The rises in the battery level indicate the periods when the robotic fish was charging, while the falls R T r a n s ie n t (Ω) 0.384 0.075 R S o u r c e (Ω) 8.440 0.848 V O C I n it ia l (V ) 7.766 0.017 V T r a n s ie n t I n it ia l (V ) 0.057 0.018 RMSE (V) 0.0048 0.0013 N 46.7 2.1 Fig. 9 . Predictions of the Thevenin battery model (solid red line) superimposed to experimental observations from the feasibility study (solid blue lines). The shaded region represents independent parameters' variation of one standard deviation.
identify when the robotic fish was swimming in the tank, discharging its battery. The controller operated for a total of 51.6 h with the robotic fish swimming for 27.5 h and charging for 24.1 h. The time to charge the battery level from 40% to 70% was, on average, 3.3 h, with a standard deviation of 0.5 h. By utilizing the seven charging instances in Fig. 8 and setting V Source = 8.80 V , we obtain the circuit parameters listed in Table II . Here, the mean and standard deviation for the model parameters are identified over the considered seven instances. Numerical values are in line with other experimental observations on similar battery systems [47] , [48] . We acknowledge that the parameter identification is affected by the presence of the servomotors and onboard electronics of the robotic fish, which are likely to contribute to the equivalent resistance of the power supply. Independent experiments, where the battery was either discharged on a known resistor or charged by direct connection to the power supply through a known resistor, were conducted to confirm the validity of the battery parameters in Table II . Fig. 9 demonstrates the accuracy of the model in anticipating the charging process. This finding could be used to provide an estimation of the charging time as a function of the selected range of operation for the battery. Specifically, the Thevenin model indicates that the time to charge the battery level from 40% to 70% is 3.3 h. If the target voltage level was changed from 70% to 80%, the time would increase to 5.0 h. Allowing the battery level to reach 90% from 40% will further stretch this time to 6.7 h.
When comparing the discharging to the charging dynamics in Fig. 8 , we observe a marked decrease in the characteristic time of the process. The model in Fig. 6 could also be used to offer insight into the discharging process, where we should set the voltage source to zero and replace the corresponding resistance with the equivalent resistance of the swimming robotic fish. The latter is expected be larger than R Source in Table II to account for the increased demands on the servomotors and onboard electronics to autonomously swim at a median speed of 2.5 cm/s. Specifically, by performing the same optimization procedure described earlier with respect to only the equivalent resistance of the robotic fish, we would obtain 74.6 Ω, which is an order of magnitude larger than R Source .
For prolonged continuous operation, future implementations of charging system will explore alternating the charging phase between multiple robotic fish, using the battery model as a tool for informing their coordinated docking. Different than the case of autonomous swimming considered in this study, in future applications of our platform, the swimming speed set by user could be varied, affecting battery life of the robotic fish. In this case, the impedance of the servomotors and onboard electronics should not be considered constant in time, and detailed models for the servomotors and fluid-structure interaction during swimming should be contemplated [19] , [49] .
The two-cell lithium polymer battery was expected to accumulate a voltage imbalance between the cells after repeated charging/discharging, which could damage the battery or the electronic circuitry. Upon examination, a minor difference in the voltage between the cells (<0.1 V) indicated that the experiment could have continued without immediate issues of battery damage. Future studies will seek to utilize a one-cell battery or include a dedicated balancer circuit to further facilitate the long-term deployment of the robotic fish. Further, to avoid the risk of the LiPo battery overheating during charging, future improvements to the electronic circuitry should explore the use of built-in sensors to monitor the temperature in the electronic enclosure and integrate safety switches to stop the charging if overheating occurs.
C. Results on Autonomous Charging
During the experiment, the robotic fish completed the docking phase a total of eight times and a charging/docking failure was observed three times; two of these failures are displayed, see Fig. 10 . The robotic fish had only one occurrence of an anomaly during the docking process, 29.3 h into the experiment after a charging/docking failure. At that time, a transmission failure likely occurred due to a radio signal loss through the water and the robotic fish stopped swimming. Upon manually resetting the base station, the system resumed normal operation. Perhaps, it was such a transmission glitch causing the docking failures seen in Fig. 10 . Future implementations of the autonomous charging system will address this issue by intermittently resetting the base station, as the glitch may have been caused by a memory overflow in the base station.
A typical docking attempt of the robotic fish to the charging station is shown in Fig. 11 . The trajectory of the robotic fish Fig. 10 . Target waypoint as a function of time. The target waypoint is the destination the robotic fish will swim toward, set by the controller. P6 indicates a default waypoint in the controller when the robotic fish is not instructed to undertake the docking process (for example, autonomously swimming or charging in the station). A sequence from P1 to P5 indicates a docking attempt. Here, the robotic fish attempted the docking phase three times, with two failures right after 29.2 and 29.4 h. The failure at 29.2 h was detected after 360 s, while the failure at 29.4 h was detected after 60 s. Fig. 11 . Illustration of a typical approach of the robotic fish to the charging station during the docking phase. Data points over an 80 s window, at a rate of one point every 2 s, are superimposed to a video frame in which the robotic fish has passed P1.
was relatively smooth during the approach maneuver toward the charging station, with position data clustered in the vicinity of the moving claws where docking took place. During the maneuver, the tail beat frequency was fixed to 0.8 Hz by the controller, leading to a maximum speed of approximately 6 cm/s. As the robotic fish approached the charging station, its speed decreased and ultimately reached zero when the claws held the robotic fish in place.
Overall, our results indicate that the likelihood of autonomous charging was 73%, computed as the ratio between the number of successful electrical contacts (eight) and the total number of docking attempts (eleven). This value is slightly lower than the success rates of mobile ground vehicle systems, which ranges from 85% to 99% [2] , [4] , [5] . Such a difference should be attributed to the locomotory advantages offered by wheeled robots, affording the capability for driving backward and halting in place.
Despite the complexity of the robotic fish swimming, this proof of concept experiment supports the feasibility of the proposed direct contact method for autonomous charging. The results surpassed our initial expectations for the test, which was designed to last up to 24 h. After 51.6 h, the experiment was terminated to examine the status of the battery of the robotic fish. A time-lapse of the experimental trial can be found in the supplementary material.
Although the charging station is designed to be form fit to a specific robotic fish [36] , the framework for autonomous charging may potentially be applied to other swimming robotic fish [16] - [24] for prolonged use. Adapting our design to different robotic fish prototypes will require minimal hardware modifications to access battery terminals from the outside along with a dedicated form-fit claw mechanism for docking. Specifically, a robot only needs an extension of the battery terminals to the external shells, while the charging station is essentially a one or two degree of freedom mechanism that should be designed on the basis of the specific robot. On the other hand, the software algorithms required in the proposed controller, for object tracking and path following, are not application specific and can be substituted with alternative computer implementations.
Beyond these minimal hardware changes, no further adjustment is required on the platform, offering the capability to effectively charge a robotic fish without imposing tank size constraints. The implementation of our approach on a different robot in a new environment would only require path planning of the robot to reach the charging station and calibration of the approach angle to optimize the success of docking. Extending the approach to unstructured or very wide environments may require the use of multiple cameras to provide full video coverage or onboard computer vision capabilities.
VII. CONCLUSIONS
In this paper, we investigated a novel scheme for autonomous charging of a robotic fish. Our approach is based on the use of form-fit claws, assisting docking, and a controller, processing video feedback from an overhead camera to coordinate the robotic fish and the claw mechanism. Specifically, the controller commands the robotic fish to approach the charging station through waypoint tracking when the battery level is low, while simultaneously closing the claws to enable docking and direct contact. Upon charging the battery, the controller commands the release of the robotic fish, which returns to autonomous swimming in the tank until its battery is discharged again. Further, the autonomous charging solution extends to tanks of different sizes and shapes.
To optimize the docking phase and demonstrate the possibility of autonomous charging, two experiments were performed. In the first experiment, we systematically varied the approach angle of the robotic fish toward the charging station to assess its impact on the success of docking and charging as well as the duration of the approach maneuver to the charging station. Our data indicated that an approach angle of 30°is preferable, whereby it guarantees a rapid and consistent maneuver with a strong likelihood of electrical contact. In the second proof of concept experiment, we demonstrated repeated autonomous charging of the robotic fish over a duration of 51.6 h, offering compelling evidence for the proposed approach.
The robotic fish used in this study is an upgraded version of the system developed [36] , [37] , which was originally designed for applications in informal science education. In this context, autonomous charging could allow for long-term deployment under minimal assistance from technical staff. Future work will focus on developing the educational and engineering framework for these exhibits. Beyond informal science education, the proposed platform can find application in laboratory studies on animal-robot interactions [30] , [31] , where visual and flow cues from the robotic fish should be consistently administered to the live fish over long experimental sessions.
